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A B S T R A C T   
Introduction: High quality evaluations of new walking and cycling routes are scarce and under-
standing contextual mechanisms influencing outcomes is limited. Using different types of data we 
investigate how context is associated with change in use of new and upgraded walking and 
cycling infrastructure, and the association between infrastructure use and overall physical 
activity. 
Methods: We conducted repeat cross-sectional pre-post analysis of monitoring data from a variety 
of walking and cycling routes built in 84 locations across the United Kingdom (the Connect2 
programme, 2009–2013), using four-day user counts (pre n = 189,250; post n = 319,531), next- 
to-pass surveys of route users (pre n = 15,641; post n = 20,253), and automatic counter data that 
generated estimates of total annual users. Using multivariable logistic regression, we identified 
contextual features associated with 50% increase and doubling of pedestrians, cyclists, and sub- 
groups of users. We combined insights from monitoring data with longitudinal cohort data (the 
iConnect study) from residents living near three Connect2 schemes. Residents were surveyed by 
post at baseline, one-year (n = 1853) and two-year follow-up (n = 1524) to investigate associ-
ations between use of the new infrastructure and meeting physical activity guidelines. 
Results: The routes were associated with increased use (median increase in cyclists 52%, pedes-
trians 38%; p < 0.001). Large relative increases were associated with low baseline levels (e.g. 
odds of doubling cycling were halved for each additional 10,000 annual cyclists at baseline: OR 
0.52, 95% CI 0.31, 0.77). Use was associated with meeting physical activity guidelines in both 
repeat cross-sectional and longitudinal analyses (users vs. non-users after one year, OR 2.07, 95% 
CI 1.37, 3.21; after two years, OR 2.00, 95% CI 1.37, 2.96). 
Conclusions: This examination of use, users, benefit-cost ratios, and physical activity associated 
with new walking and cycling infrastructure across contexts, using multiple types of data, sug-
gests that building walking and cycling infrastructure could improve population health and 
reduce inequalities.  
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1. Background 
Physical inactivity increases risks of non-communicable diseases including cardiovascular disease, stroke, type 2 diabetes, cancers, 
and mental health conditions, and premature mortality (Warburton and Bredin, 2017). Walking and cycling is advocated as a way to 
incorporate physical activity into everyday lifestyles (Norwood et al., 2014; Sahlqvist et al., 2012) and the United Kingdom (UK) 
government has ambitions to double levels of cycling in England between 2013 and 2025 (Department for Transport, 2016). Envi-
ronmental interventions (those entailing changes to the built environment, such as the construction of new infrastructure) are likely to 
affect population levels of walking and cycling (Cavill et al., 2019; Goodman et al., 2014). However, evaluating impacts of infra-
structure changes can be difficult because research of this nature typically requires natural experimental designs (Craig et al., 2012) 
with multiple pathways for impact and potentially long timeframes for behaviour change to be seen (Goodman et al., 2014; Ogilvie 
et al., 2009). Furthermore, infrastructure investment is likely to be provided by transport departments that may not conduct extensive 
evaluations, despite a stated emphasis on delivering value for money (Department for Transport, 2015). Therefore it is important to 
understand the utility of monitoring data (e.g. manual counts and surveys of route users) alongside public health research data, which 
tend to be more scarce (Ogilvie et al., 2005), to demonstrate the outcomes, including economic value, associated with new walking and 
cycling infrastructure. 
We know that elements of physical and social context are important determinants of use of new walking and cycling infrastructure 
(Götschi et al., 2017; Song et al., 2013) and these contextual issues may be important in influencing decision-makers (Le Gouais et al., 
2020). However, there is a lack of published evaluations of use of new and upgraded walking and cycling routes across different 
contexts and limited understanding of the context-related mechanisms for behaviour change (Panter et al., 2019). Greater under-
standing about the environmental factors that may influence behaviour change could help explain how features such as bridges, 
tunnels and transport interchanges impact on facilitating use of new and upgraded walking and cycling routes. This may help to 
understand heterogeneity of impact of new routes which have been found in other evaluations (Goodman et al., 2013). 
User sampling (counts or surveys) conducted as part of monitoring programmes only provide information on users, rather than the 
general population, but these approaches are cheaper and simpler than longitudinal cohort studies that can compare changes in the 
behaviour of individuals exposed and unexposed to new infrastructure. In addition, cohort studies tend to have smaller samples than 
transport monitoring methods which can make the analysis of sub-groups more difficult. Greater understanding of the impact of new 
infrastructure on sub-groups, including less active groups, would also identify potential impact on inequalities (Aldred, 2019; Mac-
millan et al., 2018; Panter et al., 2017; Smith et al., 2017), especially since the greatest health gains are expected to arise from 
increased physical activity by the least physically active (Kelly et al., 2014). 
Some studies have suggested that new walking and cycling infrastructure may increase the frequency of journeys for existing users 
rather than attracting new users (Cavill et al., 2019). Transport sampling methods may not account for displacement of journeys from 
alternative routes, nor distinguish interventions that encourage existing pedestrians and cyclists to travel further or more frequently 
from those that encourage new people to walk or cycle, which may produce a greater health gain if they were previously relatively 
inactive. This may result in an over-estimation of new users and subsequent impact on population health. This can result in associated 
impacts on calculated benefit-cost ratios (BCRs), which indicate the value for money of a project. It is therefore important to further 
investigate the association between use of new infrastructure and overall physical activity. Finally, greater availability of cost-benefit 
analyses of walking and cycling interventions could also be useful to influence investment decisions (Cavill et al., 2019; Smith et al., 
2017). 
We conducted a repeat cross-sectional, uncontrolled pre-post analysis of data for 84 new and upgraded walking and cycling routes 
across the UK, built between 2009 and 2013, involving counts and surveys of route users, and estimates of total users (based on a 
combination of automatic counter data, counts and surveys of users), to answer the following research questions:  
1. How do use and estimated BCRs of new walking and cycling infrastructure vary by the nature and local contextual factors of 
schemes?  
2. How does use of new walking and cycling infrastructure by different population sub-groups vary by the nature and local contextual 
factors of schemes? 
Analysis of the survey data was then combined with a longitudinal analysis of repeat postal questionnaire data from a cohort of 
residents living near three of the routes to answer the research question:  
3. What is the association between type of use of new walking and cycling infrastructure and overall physical activity? 
The final research question also enables novel investigation of the utility of different methods by combining insights from routine 
monitoring data alongside public health research data. 
2. Methods 
2.1. Intervention 
The Connect2 programme involved the creation or upgrading of 84 walking and cycling routes. Each scheme crossed a physical 
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feature such as a river, railway line or major road, for example via new bridges, rehabilitating disused bridges or improving road 
crossings, plus networks for local traffic-free journeys. These walking and cycling routes were provided across the four countries of the 
UK, in England (N = 64), Scotland (N = 4), Wales (N = 11) and Northern Ireland (N = 5). 
The Connect2 programme was led by the UK walking and cycling charity Sustrans, securing £50 million of investment from the Big 
Lottery Fund in 2008. Sustrans worked with dozens of stakeholders, including local government, statutory and non-statutory bodies 
and local community groups, to raise matched funding against the original award and deliver the schemes on the ground. The overall 
investment in the Connect2 programme was £175 million. 
2.2. Measures of use 
We used four datasets to understand use, involving pre and post data from Sustrans’ Connect2 programme collected between 2009 
and 2013 and the longitudinal iConnect study conducted between 2010 and 2012:  
1. Four-day counts of users (71 schemes)  
2. Surveys of route users (84 schemes: 78 schemes with pre data, 81 schemes with post data)  
3. Estimated total annual scheme users and BCRs (77 schemes)  
4. iConnect cohort questionnaires (3 schemes). 
The application of each dataset relative to the research questions is described in Table 1. The available data for each Connect2 
scheme, alongside contextual features, are described in Table 2. 
2.2.1. Connect2 cross-sectional measures of use and benefit-cost ratios 
The counts of users were recorded manually pre and post construction between 7am and 7pm on 4 day at each scheme. Cross- 
sectional user surveys were conducted at the same times as the manual counts. Selection was on a next-to-pass basis and informed 
consent was obtained (see Appendix A for additional details). The user survey asked questions about: frequency of journey on the 
route; mode of travel; purpose of trip; how long the journey would take; on how many days in the previous week at least 30 min of 
physical activity had been conducted; and demographic information (see Appendix B). 
Total annual scheme users were estimated by Sustrans using a combination of automatic counter data, counts of users, user survey 
data and trip lengths from the UK Government’s National Travel Survey (Department for Transport, 2010). Proxy routes were used for 
the baseline usage figures for completely new routes. For example, where a new pedestrian and cycling bridge was built, a nearby 
traffic bridge was used for the baseline measurement. 
BCRs were calculated by Sustrans (Sustrans, 2013a) in line with the UK Department for Transport’s web-based transport appraisal 
guidance (WebTag) (Department for Transport, 2013), involving the Health Economic Assessment Tool (HEAT) (World Health Or-
ganization, 2011). 
Additional details of the methods for estimating total annual scheme users and BCRs are included in Appendix A. 
2.2.2. Cohort survey of residents living in the vicinity of a Connect2 scheme 
The longitudinal iConnect study was conducted with a cohort of adult residents, randomly sampled from the electoral register, 
living within 5 km of three Connect2 schemes in Cardiff, Kenilworth and Southampton. Postal questionnaires were completed at 
baseline (before scheme construction) and at one-year and two-year follow-up. Further details of the iConnect methods are published 
elsewhere (Ogilvie et al., 2012). The iConnect questionnaire asked: whether the local Connect2 route had been used; whether on foot 
or by bike, and for what purpose; time spent doing physical activity in the previous week; and demographic questions (see 
Appendix C). Participants who reported that they used the relevant route were classified as users at that time point (i.e. at one-year 
follow-up and/or two-year follow-up), as pedestrians and/or cyclists, and as users for the particular purposes reported. Previously 
published iConnect research found that overall physical activity was associated with distance from the new routes (Goodman et al., 
2014). This study extends earlier findings to evaluate the association between use of the new routes and meeting guideline levels of 
physical activity. 
2.3. Contextual measures 
2.3.1. Contextual factors 
Local resident population and presence of a transport interchange within 0.5 mile of the routes were determined using mapping 
software and 2011 UK census data. Baseline numbers of pedestrians and cyclists were taken from the estimated annual route users 
before each scheme was constructed (see details in Appendix A). Index of Multiple Deprivation (IMD) ranks were used as a proxy for 
deprivation, applied at local government level rather than the much smaller Lower Super Output Areas (LSOA) level because many of 
the schemes were very long and crossed multiple LSOAs in different IMD deciles. Separate deprivation indices were available for 
rankings in England, Scotland, Wales and Northern Ireland. To allow comparison we calculated UK-adjusted IMD quintiles using Abel 
et al.’s percentage of the population living in areas in each deprivation quintile by country (Abel et al., 2016). 
2.3.2. Scheme level characteristics 
Scheme designs provided details of route length, cost and whether a bridge or tunnel was present. Cost per mile was not included as 
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Table 1 
Research questions, variables and datasets.  
Research question Exposures Outcomes Covariates Level Dataset 
1: How do use and estimated BCRs of 
new walking and cycling 
infrastructure vary by the nature 
and local contextual factors of 
schemes? 
Contextual factors:  
• Population living 
within 0.5 mile  
• Public transport 
interchange within 
0.5 mile (Yes/No)  
• Baseline number of 
users (pedestrians 
and/or cyclists)  
• IMD quintile 
Nature of scheme:  
• Cost  
• Length  
• Bridge/ tunnel 
present (Yes/No) 
Percentage change in use 
(pre-post): 
At least 50% increase  
(Yes/No); Double (Yes/No):   
• Pedestrians  
• Cyclists 
Benefit-cost ratio: 
>4 (‘very high’) 
Time from scheme 








2: How does use of new walking and 
cycling infrastructure by different 
population sub-groups vary by the 
nature and local contextual factors 
of schemes? 
Contextual factors:  
• Population living 
within 0.5 mile  
• Public transport 
interchange within 
0.5 mile (Yes/No)  
• Baseline number of 
users (pedestrians 
and/or cyclists)  
• IMD quintile 
Nature of scheme:  
• Cost  
• Length  
• Bridge/ tunnel 
present (Yes/No) 
Percentage change in user 
sub-groups: 
At least 50% increase  
(Yes/No); Double (Y/N):   
• Women  
• Older people  
• Peak-time users  
• Women cyclists  
• Disabled/long term 
illness  
• Low SES 
Time from scheme 








3: What is the association between 
type of use of new walking and 
cycling infrastructure and overall 
physical activity?  
• Frequency of 
journey  
• Time  
• Mode  
• Trip purpose 
At least fivea days with self- 
reported 30 minutes 
physical activity in the 
previous week: (Yes/No) 
Demographics:  
• Gender  
• Age  
• Employment 
status  
• Ethnicity  
• General health  
• Disabled/ long 
term illness  
• Deprivation 
quintile  
• Children in 
household  
(Yes/No) 
Trip level Surveys of 
users  
• Use (Yes/No)  
• Mode  
• Purpose 
At least 150 minutes of self- 
reported physical activity in 
the previous week: (Yes/No)  
• Gender  
• Age  
• Employment 
status  
• General health  
• Disabled/ long 
term illness  
• Deprivation 
quintile  
• Children in 
household  
(Yes/No)  






IMD = Index of multiple deprivation (UK-adjusted quintiles; see main text). 
a Four days for users who were running on the route at the time of the survey (see section 2.4.4). 
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a variable because it was not comparable between schemes which often comprised a mixture of shorter, higher-cost sections (e.g. new 
bridges) and longer, lower-cost sections (e.g. upgrading an existing path). Instead length and cost were included as these are more 
relevant to design criteria. They were not strongly correlated (Spearman’s rho 0.42) and were therefore treated as independent 
variables, as were length and population within 0.5 mile (Spearman’s rho 0.59). 
2.4. Outcome measures 
2.4.1. Percentage change in use 
The percentage changes in use by pedestrians and cyclists were calculated from the total annual scheme users (pre and post). Most 
schemes reported some increase in cyclists (N = 69 out of 77 schemes (90%)) and pedestrians (N = 63 out of 77 schemes (82%)). 
Doubling, and increases of at least 50%, in the number of users were chosen as outcomes because of the clarity of message that this was 
thought to provide to decision-makers in demonstrating successful schemes. The former also relates to the UK government’s target of 
doubling cycling by 2025 in England (Department for Transport, 2016). 
2.4.2. Benefit-cost ratio 
The UK’s Department for Transport defines BCRs of at least 4 as ‘very high’ value for money (Department for Transport, 2015). This 
was therefore chosen as an outcome because it was thought likely to be persuasive to decision-makers. It was achieved in 38 schemes 
(49%). 
2.4.3. Percentage change in user sub-groups 
Older people, people with long-term illness or disability and people living in the most deprived areas (a proxy for low socio- 
economic status) were chosen as sub-groups of primary interest because their levels of physical activity tend to be lower (NHS Dig-
ital, 2017) and increases in these user groups could lead to greatest health benefits and impact on health inequalities (Kelly et al., 2014; 
Li et al., 2016; Marmot et al., 2020; Sattelmair et al., 2011; Smith et al., 2016). Women’s physical activity is generally lower than men’s 
(Guthold et al., 2018) and there is an increasing realisation of the importance of understanding gender impacts of interventions (Brown 
and Smith, 2017; Criado Perez, 2019), therefore women were also included as a sub-group. Peak time users were chosen because these 
may impact on levels of traffic congestion and therefore be of interest to the transport sector. Women cyclists were included as they 
were under-represented in the UK (Department for Transport, 2016). 
Separate outcomes of 50% increase or doubling sub-group users were analysed because these are large increases which may be 
influential to decision-makers. 
Percentage changes of women, older people, peak time users and women cyclists were calculated from their proportion of total 
users, as recorded in the counts of users, multiplied by the total annual users at pre and post time-points. Peak time was classified as 
between 7am and 9am and 4pm–7pm on weekdays. Percentage changes of people with disability or long-term illness and those living 
in the most deprived areas were obtained from their proportion of total users, as recorded in the surveys of users, multiplied by the total 
annual users at pre and post time-points. Users from the most deprived areas were those with home postcodes in the most deprived UK- 
adjusted IMD quintile, based on LSOA rank, following Abel et al.’s methodology (Abel et al., 2016) to adjust for differences between 
countries within the UK. 
2.4.4. Meeting physical activity guidelines 
The survey of users asked: “In the past week on how many days have you completed 30 min or more physical activity that was 
enough to raise your breathing rate? (This may include sport, exercise and brisk walking or cycling for recreation)” with response 
options of 0–7 (see Appendix B). The iConnect questionnaire asked how much time over the last seven days participants walked and 
cycled for different purposes, as well as time spent doing moderate and vigorous intensity leisure-time physical activity (Adams et al., 
2014) (see Appendix C). Since the UK Government’s guidelines recommend at least 150 min of physical activity of at least moderate 
intensity per week (Public Health England, 2016) outcomes of at least 5 days of 30 min, or at least 150 min in total, of physical activity 
were used as proxies for meeting the guidelines in the surveys of users and iConnect questionnaires respectively (extreme values of 
reported minutes of physical activity were truncated at 1260 min). Because the guidelines include the option of 75 min of vigorous 
activity per week, or a mixture of vigorous and moderate intensity physical activity (Department of Health and Social Care, 2011), we 
made an exception in the case of users who were running at the time of the route user survey. We assumed that the average intensity of 
their physical activity throughout the week would be higher than for other route users (Ainsworth et al., 2011), and therefore applied a 
threshold of at least 4 days of 30 min’ activity to define the meeting of guidelines in this group. 
2.5. Contextual factor covariates 
Schemes differed in the time between completion and post monitoring and previous research has found that it can take many 
months for people to start using new routes (Goodman et al., 2014), therefore this needed accounting for as a potential confounder. 
Additional details are included in Appendix A. 
2.6. Demographic variables 
Demographic information that may influence physical activity outcomes were included as covariates: gender, age, employment 
status, general health, whether respondents had a disability or long-term illness, whether they had children in the household and their 
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UK-adjusted IMD deprivation quintile. The user survey analysis also included ethnicity as a covariate, although this was not used for 
the iConnect cohort due to low numbers of non-white respondents. Demographic variables for respondents are shown in Table 4. 
2.7. Statistical analysis 
Analyses were performed using R (R Core Team, 2019). 
A Wilcoxon non-parametric test was used to identify significance in median changes and percentage changes in pedestrians, cyclists 
and sub-groups of users across schemes since data were positively skewed. 
Multivariable binary logistic regression analysis was conducted firstly unadjusted and then with models adjusted for each outcome 
(walking or cycling separately, with 50% increase or doubling in users; meeting guideline levels of physical activity): scheme level 
analysis models were adjusted for each independent contextual/scheme characteristic variable, and then additionally for the time from 
completion to post-monitoring; physical activity models were adjusted for demographic variables, and for iConnect analyses also 
adjusted for baseline physical activity and scheme. 
Sensitivity analysis was conducted for 50% increase and doubling in number of users with disability/long-term illness and from the 
most deprived quintile, because these used data from the surveys of users and some schemes had low numbers of respondents for these 
sub-groups. Where zero sub-group users were recorded these were reassigned as one, and where the number of survey respondents 
differed by less than four (equivalent of one sub-group user per monitoring day) then the post-monitoring survey value was reassigned 
the same value as for baseline. Sensitivity analysis was also conducted for meeting guideline levels of physical activity for runners 
using five days of 30 min physical activity in the previous week, rather than four, since intensity of each bout of activity was unknown. 
2.7.1. Missing data 
The surveys of users did not distinguish between zero children in the household and missing data, therefore both were treated as 
indicating zero children in the household. Where home postcodes were missing for user survey responses, which were used to 
determine UK-adjusted IMD quintiles, participants were assigned the local government IMD quintile of the scheme they were using 
since the majority of route users were local (77% of user survey respondents reported travelling 10 km or less to reach the route). 
Where demographic information was missing at baseline for iConnect but available at follow-up, the value from one-year follow-up 
was used, or if not available, from two-year follow up (age was adjusted down accordingly). Missing recreational physical activity 
values in the iConnect data were reassigned as zero where responses for transport physical activity had been completed as zero (this 
applied to 18 cases at baseline; 5 at one-year follow-up and 14 at two-year follow-up). 
3. Results 
3.1. Descriptive findings 
3.1.1. Scheme level use and benefit-cost ratio 
The median increases in cyclists and pedestrians on the 77 Connect2 schemes with pre and post data were 51.8% and 38% 
respectively (p < 0.001). Doubling of cyclists and pedestrians occurred in 22 and 17 schemes respectively, with at least a 50% increase 
in 39 and 32 schemes respectively. Table D.1 and Table D.2 in Appendix D show overall change and estimated annual users for each 
scheme. 
Table 2 includes each scheme’s estimated BCR. The median BCR was 3.7 (IQR 6.6), a comparatively high value as defined by the 
UK’s Department for Transport (Department for Transport, 2015). 
3.1.2. Scheme level route users 
As shown in Table 3, demographic characteristics of users in the pre and post user surveys were similar overall. However, the 
proportion of cyclists significantly increased after scheme construction. This was found in both the manual count and survey of users. 
This was mostly due to increases in working-age men and women cyclists, with larger increases among men and experienced, regular 
cyclists, although there were also significant increases in new cyclists and those starting to cycle again, and borderline significant 
increases in occasional cyclists. Overall, most route users were pedestrians, white, without disability/long-term illness, travelling off- 
peak for recreational purposes. They were most commonly working-age men, and not from the least deprived areas. 
The counts of users found increases in women and older adults in 36 schemes (52%), in peak time users in 42 schemes (61%) and in 
women cyclists in 47 schemes (68%). The survey of users found increases in people with disability/long-term illness in 44 schemes 
(62%) and users from the most deprived areas in 31 schemes (43%). 
3.1.3. Participant descriptive statistics 
As seen in Table 4, respondents differed in demographic characteristics between datasets – the user survey respondents were most 
commonly male, working-age, employed full time, white, in good health, from more deprived areas and without children. The 
iConnect cohort were most commonly female, older, white, in good health, from the least deprived areas and without children. Users of 
the new routes were most commonly employed full time, whereas non-users were most commonly retired. 
Just over half of the cross-sectional survey sample reported meeting guideline physical activity levels (pre 52.6%; post 53.2%). 
Higher proportions of the iConnect cohort reported meeting the guidelines: 66.1% of non-users and 86.8% of route users at one-year 
follow-up; 63.9% of non-users and 83.6% of users at two-year follow-up. The percentage of respondents in the iConnect cohort who 
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reported using the routes increased between one-year and two-year follow-up: from 52% to 53% at Cardiff; from 17% to 23% at 
Southampton; and from 23% to 37% at Kenilworth. 
The percentage of survey respondents reporting that their decision to use the routes was influenced by an aim of achieving exercise 
rose from 55% at baseline to 61% at post-monitoring. 67% of users of the routes in the post survey reported that they thought that the 
routes increased their physical activity (See Table D.3 and Table D.4 in Appendix D for further details about reasons for using the routes 
and other modes used to access them.). 
3.2. Use and benefit-cost ratio of new walking and cycling infrastructure by local contextual factors and scheme characteristics 
Results for maximally adjusted models, shown in Fig. 1 (see Table D.5 in Appendix D for full data table), indicated that higher relative 
increases in cyclists and pedestrians were associated with lower baseline levels of users. The odds of observing at least a 50% increase in 
cyclists were reduced by nearly a quarter for each additional 10,000 annual cyclists at baseline (OR =0.79, 95% CI = 0.63,0.92), and the 
odds of observing a doubling in cyclists were halved (OR = 0.52, 95% CI = 0.31, 0.77). The odds of observing at least 50% increase in 
pedestrians were reduced by more than a tenth for each additional 100,000 annual users at baseline (OR =0.86, 95% CI =0.68,1.01) and 
the odds of observing a doubling in pedestrians were reduced by more than three-fifths (OR = 0.39, 95% CI = 0.14, 0.78). 
Table 4 
Comparison of participant characteristics in cross-sectional survey of users and iConnect cohort at baseline.  
Variable Survey of users iConnect 





Non-users of route (n 
= 1322) (%) 
Users of route (n 
= 531) (%) 
Non-users of route 
(n = 945) (%) 
Users of route (n 
= 579) (%) 
n (%) n (%) n (%) n (%) n (%) n (%) 
Sex 
Male 7696 (57.7%) 11,479 
(58.7%) 
591 (44.7%) 256 (48.2%) 405 (42.9%) 268 (46.3%) 
Female 5647 (42.3%) 8065 (41.3%) 731 (55.3%) 275 (51.8%) 540 (57.1%) 311 (53.7%) 
Age 
16–24 1132 (8.5%) 1645 (8.4%) 63 (4.8%) 9 (1.7%) 33 (3.5%) 7 (1.2%) 
25–34 2054 (15.4%) 2984 (15.3%) 113 (8.5%) 72 (13.6%) 63 (6.7%) 56 (9.7%) 
35–44 2754 (20.6%) 4017 (20.6%) 135 (10.2%) 82 (15.4%) 86 (9.1%) 78 (13.5%) 
45–54 3003 (22.5%) 4389 (22.5%) 209 (15.8%) 117 (22%) 157 (16.6%) 130 (22.5%) 
55–64 2487 (18.6%) 3559 (18.2%) 334 (25.3%) 127 (23.9%) 135 (14.3%) 160 (27.6%) 
65+ 1913 (14.3%) 2950 (15.1%) 468 (35.4%) 124 (23.4%) 371 (39.3%) 148 (25.6%) 
Employment 
Employed full time 6321 (47.4%) 9973 (51%) 436 (33%) 229 (43.1%) 276 (29.2%) 235 (40.6%) 
Employed part time 1966 (14.7%) 2682 (13.7%) 197 (14.9%) 85 (16%) 143 (15.1%) 96 (16.6%) 
Retired 2790 (20.9%) 4083 (20.9%) 521 (39.4%) 169 (31.8%) 398 (42.1%) 202 (34.9%) 






1256 (95%) 467 (87.9%) 903 (95.6%) 558 (96.4%) 
Non-white 503 (3.8%) 832 (4.3%) 56 (4.2%) 15 (2.8%) 39 (4.1%) 19 (3.3%) 
General health in last 4 weeks 
Excellent 3507 (26.3%) 6020 (30.8%) 213 (16.1%) 182 (34.3%) 289 (30.6%) 154 (26.6%) 
Good 8680 (65.1%) 11,866 
(60.7%) 
640 (48.4%) 316 (59.5%) 709 (75%) 307 (53%) 
Fair 913 (6.8%) 1281 (6.6%) 193 (14.6%) 70 (13.2%) 272 (28.8%) 64 (11.1%) 
Poor 243 (1.8%) 377 (1.9%) 52 (3.9%) 11 (2.1%) 52 (5.5%) 6 (1%) 
Deprivation quintile 
IMD 1 (= most deprived) 3471 (26%) 4700 (24%) 125 (9.5%) 24 (4.5%) 97 (10.3%) 23 (4%) 
IMD 2 3026 (22.7%) 4261 (21.8%) 190 (14.4%) 55 (10.4%) 131 (13.9%) 59 (10.2%) 
IMD 3 2622 (19.7%) 3834 (19.6%) 191 (14.4%) 90 (16.9%) 130 (13.8%) 90 (15.5%) 
IMD 4 2309 (17.3%) 3793 (19.4%) 342 (25.9%) 162 (30.5%) 238 (25.2%) 175 (30.2%) 
IMD 5 1915 (14.4%) 2956 (15.1%) 474 (35.9%) 200 (37.7%) 349 (36.9%) 232 (40.1%) 
Long-term illness or disability 
Yes 3745 (28.1%) 5582 (28.6%) 377 (28.5%) 85 (16%) 294 (31.1%) 105 (18.1%) 
No 9598 (71.9%) 13,962 
(71.4%) 
945 (71.5%) 446 (84%) 651 (68.9%) 474 (81.9%) 
Children in household 
Yes 3772 (28.1%) 5593 (28.6%) 162 (12.3%) 97 (18.3%) 103 (10.9%) 97 (16.8%) 
No (inc. missing data for 
survey of users) 
9633 (71.9%) 13,968 
(71.4%) 
1160 (87.7%) 434 (81.7%) 842 (89.1%) 482 (83.2%) 
iConnect scheme 
Cardiff 0 (0%) 1049 (5.4%) 313 (23.7%) 277 (52.2%) 231 (24.4%) 258 (44.6%) 
Southampton 306 (2.3%) 335 (1.7%) 441 (33.4%) 88 (16.6%) 333 (35.2%) 99 (17.1%) 
Kenilworth 88 (0.7%) 303 (1.6%) 568 (43%) 166 (31.3%) 381 (40.3%) 222 (38.3%)  
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An estimated BCR of at least 4 was associated with higher baseline levels of users (per additional 100,000 annual users at baseline: 
OR = 1.24, 95% CI = 1.05, 1.57), lower cost schemes (per additional £1 million scheme cost: OR = 0.29, 95% CI = 0.13, 0.57) and the 
presence of a public transport interchange within 0.5 mile (OR = 4.64, 95% CI = 1.00, 26.62), although 95% confidence intervals were 
wide and the association was not significant in the unadjusted model. No other clear significant relationships were found. 
3.3. Users of new walking and cycling infrastructure by local contextual factors and scheme characteristics 
The maximally adjusted models, shown in Fig. 2 (full data in Table D.6 and sensitivity analysis results in Table D.7 of Appendix D), 
indicated that higher relative increases in sub-groups were associated with lower baseline levels of users, similar to that found for 
overall use. 
High relative increases of users from the most deprived LSOAs were associated with high population levels within 0.5 miles (odds of 
observing at least 50% increase almost doubled for each additional 1000 population: OR = 1.93, 95% CI = 1.18, 3.67; odds of 
observing a doubling increased by more than half: OR = 1.54, 95% CI = 1.01, 2.52), and a bridge or tunnel present (at least 50% 
increase: OR = 3.51, 95% CI = 1.12, 12.16), although 95% confidence intervals were wide. There were lower odds of doubling women 
cyclists with a bridge or tunnel present, also with wide 95% confidence intervals (OR = 0.19, 95% CI = 0.05, 0.64). 
Doubling of users of the route with a disability or long-term illness and women users were associated with less deprived IMD local 
government quintiles (doubling women: OR = 1.87, 95% CI = 1.14, 3.32; doubling disabled/long-term illness: OR = 1.56, 95% CI =
1.03, 2.46). 
Doubling of peak time users was associated with a public transport interchange present within 0.5 miles (OR = 14.12, 95% CI =
1.54, 386.86), although the 95% confidence intervals were wide. No other clear significant relationships were found. 
3.4. Use and meeting physical activity guidelines 
As seen in Table 5, walking and cycling on the Connect2 routes were associated with meeting physical activity guidelines. In the 
survey of users this was found for regular route users, compared to irregular users (pre: OR = 1.80, 95% CI = 1.67, 1.94; post: OR =
1.93, 95% CI = 1.81, 2.05). Non-commuting transport users were less likely to meet the physical activity guidelines, compared to 
recreational users (pre: OR = 0.66, 95% CI = 0.61, 0.71; post: OR = 0.77, 95% CI = 0.72, 0.83) and runners were more likely than 
pedestrians to meet the guidelines (pre: OR = 1.50, 95% CI = 1.19, 1.90; post: OR = 1.51, 95% CI = 1.24, 1.84). There were no 
significant differences between pedestrians and cyclists, or recreational and commuting users, on the new routes. 
The iConnect cohort analysis found that route users were more likely to meet the physical activity guidelines compared to non-users 
(at one-year follow-up: users at one-year only OR = 2.07, 95% CI = 1.37, 3.21 and users at one-year and two-year OR = 3.02, 95% CI =
2.02, 4.62; at two-year follow-up: users at two-year only OR = 2.00, 95% CI = 1.37, 2.96 and users at one-year and two-year OR =
1.66, 95% CI = 1.14, 2.45). As in the survey of users, non-commuting transport users were less likely to achieve the guidelines than 
recreational users (OR = 0.22, 95% CI = 0.06, 0.79), although 95% confidence intervals were wide. There was no significant difference 
at two-year follow-up. There were insufficient data to investigate this outcome for commuters only. Users for both recreational and 
transport were significantly more likely to meet the guidelines at two-year follow-up, compared to only recreational users (OR = 2.07, 
95% CI = 1.18, 3.75). As in the survey of users there was no significant difference between pedestrians and cyclists in the adjusted 
models. 
4. Discussion 
4.1. Route users and context 
New and upgraded routes were associated with increases in pedestrians and cyclists with large relative increases associated with 
low baseline levels of users. This could help to provide political support for investment in areas with existing low levels of active travel. 
However, places with high baseline users were associated with very high BCRs, which may create tension between investing in areas 
with the greatest potential for modal change (currently low levels of walking and cycling) and apparent high BCRs where currently 
walkable and cyclable areas may be more likely to receive investment, perpetuating inequalities in infrastructure availability. This 
potential tension between relative and absolute change is planned to be investigated further in future qualitative research with 
decision-makers. Lower cost schemes were also associated with very high BCRs, which may be as a result of relatively minor changes in 
infrastructure, such as on existing routes that may have improved safety or increased connectivity between key locations, attracting 
relatively large numbers of users at low cost. 
The similarity in demographics of users found in the pre- and post-user surveys suggests that increases were roughly proportional 
across the whole of the population. However, the user sub-group analysis found that doubling of users who were women or had 
disabilities or long-term illness was associated with new routes in less deprived areas. This may be explained by people from these 
groups preferring to walk or cycle in places that are attractive and safe (Table D.4, Appendix D) but if used to justify investment in more 
affluent areas it could exacerbate health inequalities (NHS Digital, 2017). 
High relative increases in route users who lived in the most deprived LSOAs were associated with high population levels within 0.5 
miles of the route and with the presence of a bridge or tunnel. Creating convenient routes to access amenities on foot and by bike in 
high density areas, or overcoming physical barriers, is likely valued by this group (see Table D.4 in Appendix D). Furthermore they are 
least likely to be able to afford a car and car ownership has previously been shown to be correlated with walking and cycling (Carse 
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et al., 2013; Goodman et al., 2014; PCT Team, 2019). However, the number of women cyclists was less likely to double where a bridge 
or tunnel was present, an association that was not found for cyclists overall. This may be because these features reduce natural sur-
veillance and therefore reduce perceptions of safety which tend to be highly valued by this group (Yang et al., 2019). If these features 
lead to employment centres they may appear less convenient for women cyclists who are more likely to conduct shorter, chain trips, 
such as those related to caring responsibilities (Ng and Acker, 2018). It should be noted, however, that the Connect2 schemes all 
involved overcoming some sort of physical barrier which is not the case for many walking and cycling routes. 
High BCRs and doubling of peak time users were associated with the presence of a public transport interchange within 0.5 miles of 
the routes. This is consistent with other research that walking and cycling is associated with public transport use (Patterson et al., 
2018) and these results could be used to justify investment in walking and cycling infrastructure near to public transport hubs because 
modal shift may reduce traffic congestion. Previous research from the iConnect study did not detect overall significant modal shift or 
carbon savings among local residents because most of their reported new use was recreational and did not replace motor vehicle trips 
(Brand et al., 2014; Song et al., 2017). This may reflect important differences in the ways the samples were recruited. 
4.2. Use and physical activity 
Results showed that walking and cycling on the new routes was associated with meeting physical activity guidelines, and greater 
use (in terms of frequency and purpose) was associated with increased likelihood of achieving the guidelines. This builds on findings 
Table 5 
Logistic regression - Survey of users: odds ratio (95% confidence interval) of meeting guideline levels of physical activity in previous week. 
Type of route user Survey of users: at least 5a days of 30 min  




% of sample  
achieving 5+
days 
Unadjusted Adjustedc Sample 
(n) 
% of sample  
achieving 5+
days 
User time point Non-user (reference) – – – – – – 
User at 1-year follow-up only – – – – – –  
User at 2-year follow-up only – – – – – –  
User at 1-year and 2-year follow-up – – – – – –  
Frequency of journey on 
route 
Irregularly (Weekly or less frequently) 
(reference) 
4562 43.2% 1.00 1.00 6876 43.1% 





Journey purpose on 
route 
Recreation (reference) 6605 57.1% 1.00 1.00 10,358 55.6%  










Recreation and transport – – – – – –  
Mode on route Walking (reference) 10,441 52.0% 1.00 1.00 14,046 53.6% 





Walking& cycling – – – – – –  










Journey time on route 
(hrs)  




19,406 54.0%  
aAt least 4 days of 30 min of physical activity for users recorded as running. 
bNon-commuting transport includes travel for shopping, visiting friends/family, social/entertainment and other purposes. 
cAdjusted for demographic variables: gender (male/female), age (16–24/25-34/35–44/45-54/55–64/65+), employment (employed full time/ 
employed part time/retired/other), ethnicity (white/non-white), general health (excellent/good/fair/poor), disability/long-term illness (yes/ 
no), home IMD quintile, and child under 16 in the household (yes/no). 
dAdjusted for baseline demographic variables: gender (male/female), age, employment (employed full time/employed part time/retired/ 
other), general health (excellent/good/fair/poor), disability/long-term illness (yes/no), home IMD quintile, child under 16 in the household (yes/ 
no), baseline physical activity (minutes) and scheme (Cardiff/Kenilworth/Southampton). 
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from previous iConnect research by Goodman et al. which found that living closer to three of the Connect2 routes was associated with 
greater total physical activity after two years (Goodman et al., 2014). It also supports other research that demonstrates that building 
walking and cycling infrastructure can increase levels of physical activity to achieve public health benefits (Aldred et al., 2020; Mueller 
et al., 2018; Smith et al., 2019). 
Whilst the baseline user survey found that people who met the guidelines were more likely to be cyclists compared to pedestrians 
and by those who travelled for longer, there were no significant differences between pedestrians and cyclists or by time travelled by 
users of the new routes. This suggests that the Connect2 schemes attracted more frequent use by a wider range of people, increasing 
physical activity across the population, rather than previously only attracting more active people. Runners were more likely than 
pedestrians to achieve the guideline levels of physical activity, however, this was not seen in the sensitivity analysis with five days of 
30 min of physical activity, rather than four (see Table D.8 in Appendix D). This points to a limitation in this type of self-report data in 
that the intensity of activity in general was not captured in the survey, particularly since mode was not recorded for physical activity on 
other active days in the previous week. Self-reported physical activity is widely used but involves a trade-off between scale and cost 
(Branion-Calles et al., 2019; Dowd et al., 2018; Prince et al., 2008). 
People using the routes for non-commuting transport purposes were less likely to achieve the physical activity guidelines compared 
to recreational users in the survey of users and at one-year follow-up in the iConnect cohort, whilst by two-year follow-up there was no 
difference between these purposes, although the confidence intervals were large. This aligns with findings from other iConnect analysis 
showing that it takes time for behavioural change to occur following construction of the new routes (Goodman et al., 2014). Mech-
anisms for behaviour change are likely to involve a combination of physical environmental and societal factors (Ogilvie et al., 2011), 
therefore changes in visibility of people walking or cycling on the new routes can take time to affect cultural norms and encourage 
physical activity across the population. This may be particularly true for non-employment destinations that were previously inac-
cessible or unattractive to reach by bike or on foot. Sustrans’ Connect2 post-monitoring data and the iConnect cohort follow-ups were 
conducted over a relatively short time period and it would be advantageous to repeat measurements to understand longer-term impact. 
4.3. Research and monitoring methods: strengths and limitations 
This study used monitoring data from 84 new walking and cycling schemes alongside research data from 3 of those schemes to 
Survey of users: at least 5a days of 30 min  
physical activity in previous week 
iConnect: at least 150 min physical activity in previous week 
Post 1-year follow-up 2-year follow-up 
Unadjusted Adjustedc Sample 
(n) 
% of sample  
achieving 
150 min 
Unadjusted Adjustedd Sample 
(n) 




– – 1156 65.1% 1.00 1.00 893 63.3% 1.00 1.00 
























1.00 1.00 – – – – – – – –  
1.89 (1.79, 2.01) 1.93 (1.81, 
2.05) 
– – – – – – – – 
1.00 1.00 280 87.5% 1.00 1.00 316 81.3% 1.00 1.00  
1.04 (0.95, 1.13) 1.06 (0.97, 
1.16) 








0.77 (0.72, 0.82) 0.77 (0.72, 
0.83) 
















1.00 1.00 284 84.5% 1.00 1.00 307 79.5% 1.00 1.00 
1.00 (0.94, 1.07) 0.98 (0.91, 
1.05) 
















1.53 (1.27, 1.85) 1.51 (1.24, 
1.84) 
– – – – – – – – 
0.24 (0.17, 0.34) 0.26 (0.18, 
0.38) 
– – – –  – – – 
1.00 (0.98, 1.03) 1.00 (0.97, 
1.02)  
– – –  – – –  
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understand how these different methods may be useful in understanding changes in use associated with context, and the association of 
use with overall physical activity. We demonstrated that both the research and monitoring methods had value - the longitudinal 
iConnect dataset was able to evaluate individual-level change over time, which was a major strength, whereas this was not possible in 
the survey of users which was unable to be adjusted for baseline levels of physical activity, nor to determine whether people continued 
to use the routes and the impact that may have. For example, the survey of users asked about levels of cycling experience and it was 
unclear whether new or occasional cyclists maintained behaviour to become experienced, regular cyclists, for which there was a 
significant increase. There may have been some route displacement, attracting pedestrians and cyclists from other places, but it was 
unclear to what extent this occurred with the questionnaire. This difficulty in understanding displacement is not uncommon (Aldred, 
2019). It was not possible to identify to what extent increases in use were due to new people moving into the area, which was also a 
limitation of the cohort dataset. An additional limitation was that baseline measurements of some of the Connect2 schemes were 
conducted months or even years before construction started and it is unclear to what extent the assumption of minimal change between 
pre-monitoring and construction is valid. 
Whilst cohort studies like iConnect have advantages they are rarely conducted. They also have limitations, therefore understanding 
the value of multi-site cross-sectional evaluations is useful. A strength of Sustrans’ Connect2 datasets (counts, surveys of users and total 
annual scheme users) was the number of locations that were included, following the same methodology, and their breadth of contexts, 
allowing assessment of the impact of context on use, which is rarely evaluated and not clearly understood (Adkins et al., 2017; Cavill 
et al., 2019; Panter et al., 2019). The much larger sample sizes than the cohort study enabled greater disaggregation of sub-groups for 
the evaluation of use and meeting guideline levels of physical activity. However, understanding impacts by types of user sub-group at a 
scheme level often resulted in large confidence intervals due to the relatively small number of schemes included in the samples. It is 
therefore recommended that this type of multi-scheme evaluation is conducted at a greater scale to provide more reliable results about 
context on user sub-groups. We note that the routes were completed between 2009 and 2013 and evaluation of more recently con-
structed walking and cycling infrastructure would be valuable, particularly following improved cycle infrastructure design standards 
(Department for Transport, 2020). 
Contextual issues are important to consider in complex public health intervention research (Craig et al., 2018), however, there are 
relevant contextual factors that were not assessed in this analysis, for example, whether additional investment or behaviour change 
strategies were being done in parallel that could have influenced outcomes (Sahlqvist et al., 2015). Also, because of the multi-purpose 
nature of the Connect2 routes, their often extensive lengths with variety of population densities along them, and the lack of infor-
mation about the quality of the surrounding environment for walking and cycling, it was challenging to understand to what extent 
these contextual features influenced the impact of the new routes. Smaller scale qualitative or ethnographic approaches to unpacking 
the complexity of contextual influences may therefore be important alongside large-scale quantitative evaluation. Further qualitative 
research into what contextual features are important to decision-makers of new walking and cycling routes is planned. 
It appeared that the survey of users was broadly representative of route users, as measured by the manual count, however this data 
was captured over four days for each scheme, without adjustment for weather, as is often the case in transport assessments (Aldred, 
2019). The iConnect respondents who reported using the routes appeared to be less representative of route users, more likely being 
older, female, from less deprived areas and without children. Although representativeness of the general population may not be 
necessary for cohort studies since confounders can be controlled for in regression analysis (Richiardi et al., 2013) and bias was reduced 
by inviting a random sample of local residents to complete the questionnaires, the low response rates of the iConnect cohort (15.6% 
response rate (Song et al., 2017), of which 60% had complete data for inclusion in this analysis) resulted in some sub-groups of users 
unable to be investigated separately, such as commuters. In contrast, the survey of users found that about 14% of people overall used 
the routes for commuting (29% of users were recorded as commuters on the three iConnect schemes, including 52% during peak 
hours). However, the cross-sectional survey of users did not investigate other purposes that people used the routes for, whilst 8% of 
users in the iConnect cohort reported using the routes for commuting alongside other purposes. Therefore combining findings from 
both datasets gives a fuller picture of the impact of this infrastructure on commuting behaviour, which may be useful for influencing 
non-health sectors, such as transport planning, to influence the wider environmental determinants of health (Dahlgren and Whitehead, 
1991). 
5. Conclusion 
Evaluations of new walking and cycling infrastructure may involve trade-offs between scale, cost, representativeness of sample and 
ability to capture within-participant change. Combining pragmatic monitoring methods allowing estimations of users and benefit-cost 
ratios with longitudinal analysis, we demonstrated that new walking and cycling infrastructure can lead to large relative increases in 
pedestrians and cyclists and has the potential to increase population levels of physical activity, whilst also providing very high value 
for money. We were also able to understand more about the role of context in attracting people to use new and improved local networks 
for walking and cycling, particularly from less active groups such as older people, disabled/with long-term illness and people from the 
most deprived areas. This study suggests that construction of new and improved walking and cycling infrastructure at scale could 
improve population health and reduce health inequalities. 
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